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Background. The antineutrophil cytoplasmic antibody
(ANCA)-positive vasculitides are characterized by a necrotiz-
ing vasculitis of small vessels with neutrophil infiltration. The
reasons behind the selectivity for small vessels remain unclear,
but may relate to the necessity for neutrophils to deform in or-
der to pass through capillaries. The resistance to deformation
of neutrophils largely arises from their actin cytoskeleton. It
is hypothesized that ANCA, by inducing actin polymerization,
increases neutrophil rigidity and contributes to their sequestra-
tion in capillaries.
Methods. To test this hypothesis, neutrophils were treated
with IgG-ANCA and the following characterizations: forma-
tion of filamentous F-actin (by flow cytometry); changes in mor-
phology (by fluorescence and electron microscopy); and the
potential to obstruct microvessels (by measuring entry times
into micropipettes with comparable diameters to capillaries).
The neutrophil signaling mechanisms activated by IgG-ANCA
were investigated using blocking antibodies to Fcc recep-
tors and inhibitors of tyrosine phosphorylation. Protein tyro-
sine phosphorylation was examined by immunoblotting of cell
lysates, and calcium fluxes were measured by spectrofluorimetry
of Fura-2 pentakis (acetoxymethyl) ester (Fura 2-AM) labeled
neutrophils.
Results. IgG-ANCA led to a significant dose-dependent actin
polymerization over about 10 minutes. Over the same period,
neutrophils became distorted in shape and more resistant to mi-
cropipette aspiration. Treatment with normal IgG caused less
marked and delayed changes in these parameters. Actin poly-
merization required engagement of FccRIIa receptor, tyrosine
phosphorylation, and calcium fluxes.
Conclusion. These novel findings reveal signaling mecha-
nisms that underlie ANCA-induced actin polymerization and
might explain the predilection for small vessels in IgG-ANCA–
associated vasculitis.
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Neutrophils play a key role in mediating the inflamma-
tory vascular lesions associated with the antineutrophil
cytoplasmic antibody (ANCA)-associated systemic vas-
culitis. Vasculitic lesions often focus to particular organ
sites, notably the lungs and kidneys. In the kidney, the
vascular lesions have infiltrates of neutrophils [1, 2], and
there is a strong correlation between the extent of renal
involvement and the number of neutrophils present in re-
nal biopsies [2, 3]. The reasons behind selectivity for small
vessels in affected organs remain unclear, but may re-
late to the size difference between neutrophils (diameter
8 lm) and capillaries (5 to 8 lm). In order to traverse
the capillaries, neutrophils must deform their resistive
actin cytoskeleton. In the resting neutrophil, monomeric,
globular actin (G-actin) predominates and this poly-
merizes to form filamentous F-actin upon neutrophil
activation [4]. This response is required for motility,
translocation of cytoplasmic organelles and granules, ac-
tivation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, recycling of receptors and phagocy-
tosis [4–6]. However, actin polymerization induced by a
number of activators makes neutrophils rigid and more
likely to be sequestered in capillaries [7–9]. We hypothe-
sized that ANCA might induce actin polymerization and
a similar increase in neutrophil stiffness, and thus im-
pair the ability of neutrophils to traverse capillaries. Se-
questration induced through mechanical changes might
be exacerbated by the ability of ANCA to increase adhe-
siveness of neutrophils [10]. After exposure to ANCA,
neutrophils might initiate microvascular injury by pro-
moting ischemia through vascular obstruction, and also
by the release of proteolytic enzymes and reactive oxy-
gen species (ROS). This paradigm might explain the focal
nature of injury seen in the ANCA-associated systemic
vasculitides.
In order for the neutrophil to respond to chemical stim-
uli, occupancy of plasma membrane receptors must be
linked to changes in cytoskeletal organization via the gen-
eration of second messengers. ANCA are present in the
sera of patients with systemic vasculitis [11, 12] and acti-
vate neutrophils by cross-linking the antigens, proteinase
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3 (PR3), or myeloperoxidase (MPO) with Fcc receptor
[10, 13, 14]. Still, little is known of the neutrophil signal
transduction pathways after ANCA binding and FccR
engagement, but we have demonstrated the involvement
of tyrosine kinase C, protein kinase C, and phosphatidyli-
nositol (PI)-3 kinase in ANCA-mediated neutrophil ac-
tivation [15–17]. The purposes of this study were to
determine if ANCA could induce F-actin polymerization
and changes in cellular mechanics, and to dissect signaling
mechanisms involved in this response.
METHODS
Isolation of human IgG and F(ab′)2 preparations
Control IgG was isolated from sera of normal subjects.
ANCA-rich IgG was isolated from sera or plasma ex-
change samples from ANCA-positive vasculitis patients
with active disease and ANCA titers of >1 in 400 dilution
on indirect immunofluorescence. IgG isolation was per-
formed using affinity chromatography on a HiTrap pro-
tein G affinity column (Pharmacia, Uppsala, Sweden).
F(ab′)2 of human IgG-ANCA were prepared as de-
scribed using a modified method by Lamoyi [18]. The
purity of intact IgG and F(ab′)2 preparations was demon-
strated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The protein content of the
IgG and F(ab′)2 samples were determined by spectrom-
etry using a Pharmacia LKB Ultraspec III (Pharmacia).
ANCA antigen specificity was determined using both in-
direct immunofluorescence and antigen-specific enzyme-
linked immunosorbent assay (ELISA) as previously
described [19]. Endotoxin contamination of IgG and
F(ab′)2 samples was minimal (<0.48 ng/mL) as deter-
mined by a Limulus amebocyte assay (Sigma, Survey,
UK).
Neutrophil isolation and treatments
Neutrophils were isolated from six healthy donors
using a method adapted from Toothill et al [20]. Af-
ter washing in sterile phosphate-buffered saline (PBS),
they were resuspended in PBS supplemented with
0.9 mmol/L MgCl2 and 1.3 mmol/L CaCl2. Neu-
trophils were activated with either 10−8 mol/L formyl-
methionylleucylphenylalanine (FMLP), 10−7 mol/L
phorbol myristate acetate (PMA), or 32 to 500 lg/mL
of normal IgG, MPO-ANCA or PR3-ANCA for desired
periods at 37◦C. The doses of FMLP and PMA used were
those known to induce neutrophil F-actin polymeriza-
tion [21, 22]. Altogether, nine IgG samples were used:
three normal IgG, three MPO-ANCA, and three PR3-
ANCA. All experiments were repeated three times and
two replicates of all samples. In separate experiments,
neutrophils were also isolated from seven patients with
active vasculitis. Of these, six patients (two were posi-
tive for MPO-ANCA and four were PR3-ANCA) were
in the induction phase of therapy comprising of pred-
nisolone and cyclophosphamide. The last patient who was
PR3-ANCA–positive was in the relapsed phase and was
also treated with prednisolone and cyclophosphamide.
These neutrophils from patients were activated with nor-
mal IgG, MPO-ANCA, and PR3-ANCA, as described
above.
In some experiments, neutrophils were incubated with
blocking monoclonal antibody to FccRI (anti-CD16
F(ab′)2) (Ancell Corporation, Bayport, MN, USA),
FccRIIa (IV.3 Fab) (Medarex, Annandale, NJ, USA)
or FccRIIIb (3G8 F(ab′)2); Medarex) for 15 minutes
at 37◦C before the addition of ANCA. Monoclonal an-
tibodies were used at the saturating concentration of
5 lg/mL as determined by flow cytometry. In other
experiments, 5 lg/mL of cytochalasin B (F-actin as-
sembly inhibitor) or inhibitors of intracellular signals
were added and incubated for 10 to 120 minutes be-
fore the addition of stimulus. The inhibitors used were
genistein (tyrosine kinase inhibitor), ethyleneglycol-bis
(b-aminoethylether)-N,N′tetraacetic acid (EGTA) (ex-
tracellular calcium chelator) and BAPTA AM (intracel-
lular calcium chelator). Typically inhibitors were added
at the inhibition content (IC)50 dose, and also one log
above and one log below the IC50. All experiments were
repeated at least three times.
Actin polymerization and cell morphology
Neutrophils (2.5 × 106 cells) were stained for F-actin
using N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) (NBD)-
phallacidin [4]. They were simultaneously fixed,
permeabilized, and stained by mixing with 50 lL of
37% phosphate-buffered formalin containing 50 lg
of phosphatidylcholine and 12.5 lL of 6.6 lmol/L
NBD-phallacidin. The cell mixture was incubated at
37◦C for a further 10 minutes. The intensity of fluo-
rescence of 10,000 stained cells was analyzed using
a Beckton-Dickinson flow cytometer (Oxford, UK)
equipped with a water-cooled argon laser emitting at
488 nm and fluorescence was measured through a 530 ±
30 nm bandpass filter. Results were expressed as the
mean intensity for the experimental sample divided by
the untreated control cells (i.e., relative F-actin content).
In studies with inhibitors, unless otherwise stated, results
were expressed as percentage of the response without
inhibitor.
Fluorescent photomicrographs were made of neu-
trophils treated with NBD-phallacidin to examine the cel-
lular distribution of F-actin. Neutrophils were allowed to
settle on glass slides previously coated with 0.03% poly-L-
lysine, then mounted with coverslips and the edges sealed
with nail polish.
To examine cell morphology, neutrophils were fixed
in 2.5% glutaraldehyde in phosphate buffer (pH 7.4) and
left overnight at 4◦C. They were then dehydrated through
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a graded acetone series. Critical point drying was carried
out in an Emscope CPD 750 critical point drier and the
samples were mounted onto copper stubs coated with
platinum in an Emscope SC 500 sputter coater (East Sus-
sex, UK). They were then examined in a Jeol 100CX
II scanning electron microscope (Garden Welwyn City,
UK). Alternatively, neutrophils were examined unfixed,
by videomicroscopy during micropipette aspiration ex-
periments. Video recordings were made at chosen times
after treatment with IgG, and on playback, neutrophils
were classified as active if they showed marked distor-
tion with pseudopodia, as opposed to spherical “passive”
cells.
Micropipette aspiration
Neutrophils were suspended at a concentration of
106 cells/mL in PBS containing 5% autologous EDTA-
plasma at 37◦C. At time zero, ANCA or control IgG was
added (100 or 500 lg/mL), then 200 lL of the neutrophil
suspension was placed in a chamber made up of two cov-
erslips separated by a U-shaped gasket and placed on a
microscope stage held at 37◦C. A micropipette with an
internal diameter of 4.7 lm or 5.3 lm (in different ex-
periments) was introduced into the chamber from the
open side, and a fixed aspiration pressure was applied
by lowering a water reservoir connected to the pipette.
Video recordings were made of neutrophils aspirated into
the pipette at chosen times. Subsequently, on playback,
the time taken to enter the pipette was measured using
an overlaid time signal (accuracy 1/100 seconds). Typ-
ically 60 neutrophils were tested in each sample. Cell
morphology of aspirated and nearby cells was simulta-
neously noted. The pressure was adjusted so that control
neutrophils entered the pipette within a period of 0.1
to 1.0 second.
Analysis of neutrophil phosphotyrosyl proteins and
cytosolic calcium concentration
Neutrophil phosphotyrosyl proteins were detected by
blotting with PY20, a mouse monoclonal antiphospho-
tyrosine antibody (Sigma) using published methods [16].
Concentration of ionized calcium was monitored in neu-
trophils loaded with 2 lmol/L Fura-2 pentakis (ace-
toxymethyl) ester (Fura 2-AM), as previously described
[23]. Intensity of fluorescence emission at wavelength
505 nm was measured at excitation wavelengths of 340
and 380 nm, and the ratio of intensities at 340/380 nm
used a relative measure of ionized calcium concentra-
tion. Changes were followed as a function of time after
treatment with chosen activators in a spectrofluorimeter
thermostated at 37◦C.
Statistical analysis
All results are expressed as the mean ± SEM. Changes
in F-actin, morphology, and pipette entry time with
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Fig. 1. Neutrophil F-actin polymerization, in response to human nor-
mal IgG or antineutrophil cytoplasmic antibody (ANCA) IgG. F-actin
response in 2.5 × 106 neutrophils stimulated with human normal IgG,
proteinase 3 (PR3)-ANCA or myeloperoxidase (MPO)-ANCA. Neu-
trophil F-actin was stained with N-(7-nitrobenz-2-oxa-1,2-diazol-4-yl
(NBD)-phallacidin, and measured by fluorescence-activated cell sorter
(FACS) analysis. The neutrophil F-actin dose response, measured at 10
minutes is shown (A), and shows a concentration-dependent effects of
ANCA. The neutrophil F-actin time response in response to 100 lg/mL
of human normal IgG, PR3-ANCA, or MPO-ANCA is shown (B). Max-
imum ANCA-induced F-actin polymerization was at 10 minutes, while
that induced by normal IgG was at 20 minutes. F-actin increase induced
by both PR3-ANCA and MPO-ANCA was significantly greater than
that induced by normal IgG [analysis of variance (ANOVA), P < 0.05].
All experiments were repeated three times using neutrophils from six
different donors, three normal IgG, three PR3-ANCA, and three MPO-
ANCA and two replicates of all samples. Results show mean ± SEM of
data pooled.
time was analyzed by analysis of variance (ANOVA).
Individual treatments were compared by paired t test,
and a value of P < 0.05 was accepted as statistically sig-
nificant.
RESULTS
Time course and concentration dependence of
ANCA-induced actin polymerization
PR3-ANCA and MPO-ANCA induced dose-
dependent actin polymerization after 10 minutes of
treatment using both neutrophils from normal donors
(Fig. 1A). Both PR3-ANCA and MPO-ANCA caused
significantly greater actin polymerization than normal
IgG at concentrations of 125, 250, and 500 lg/mL
(P < 0.05). The time course of formation of F-actin
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Fig. 2. Fluorescent and electron microscopy
showing neutrophil morphology and F-
actin distribution. (A) Fluorescence pho-
tomicrographs showing the effects of 10−8
mol/L formyl-methionylleucylphenylalanine
(FMLP), 100 lg/mL normal IgG, and 100
lg/mL proteinase 3 (PR3)-antineutrophil
cytoplasmic antibodies (ANCA) on F-actin
distribution and morphology of neutrophils.
Untreated neutrophils (0 minutes) had little
F-actin which was faintly distributed in the cy-
toplasm. Treatment with FMLP led to intense
F-actin formation by 30 seconds, followed by
polarization of F-actin in the lamellipodium.
Exposure to PR3-ANCA led to the maxi-
mum F-actin intensity at 10 minutes which
was followed by the development of F-actin
pseudopod and membrane ruffling. Maximum
F-actin intensity was present 10 minutes after
ANCA treatment. Myeloperoxidase (MPO)-
ANCA induced similar F-actin distribution
pattern. Normal IgG resulted in neutrophil
F-actin formation which was less intense than
that induced by both PR3- and MPO-ANCA,
and peaked F-actin formation occurred at
20 minutes (final magnification ∼×2000).
(B) Electron photomicrographs showing neu-
trophil morphologic changes in response to
10−8 mol/L FMLP, 100 lg/mL normal IgG,
and 100 lg/mL PR3-ANCA. Treatment with
FMLP led to rapid polarization and lamel-
lipodium formation. Normal IgG led to minor
shape changes. Exposure to PR3-ANCA led
to the formation of membrane ruffles. MPO-
ANCA induced similar morphologic changes
(final magnification ∼×2000).
at 100 lg/mL of IgG is shown in Figure 1B. The IgG-
ANCA–induced F-actin responses peaked at around
10 minutes. In contrast, F-actin increase induced by nor-
mal IgG peaked at around 20 minutes. F-actin increase
induced by both PR3-ANCA and MPO-ANCA was
significantly greater than that induced by normal IgG
(ANOVA, P < 0.05). These responses are much slower
than actin polymerization induced by FMLP [22]. All
experiments were repeated three times using neutrophils
from six different normal donors: three normal IgG,
three PR3-ANCA, and three MPO-ANCA and two
replicates of all samples. Similarly, both PR3-ANCA and
MPO-ANCA induced dose-dependent actin polymer-
ization using neutrophils from patients with vasculitis
which was comparable in magnitude to that from normal
donors (data not shown). The addition of 5 lg/mL of
cytochalasin B abolished the ANCA-induced F-actin
increase (not shown). Following these observations,
100 lg/mL of IgG and 10 minutes of exposure were used
in subsequent experiments to examine mechanisms of
actin polymerization.
Neutrophil morphology and F-actin distribution
Unstimulated neutrophils were spherical and showed
weak fluorescence with NBD-phallacidin, with little ac-
cumulation toward their periphery (Fig. 2). Responses
to treatment with 10−8 mol/L FMLP are also shown
in the same figures. Thirty seconds after the addition
of FMLP, the majority of the cells were distorted with
small lamellipodia and the fluorescence was concentrated
in these protrusions. With increasing time, the cells be-
came polarized, with fluorescence concentrated in the
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Fig. 3. Changes in the percentage of morphologically active neu-
trophils with time after treatment with human IgG. Antineutrophil cy-
toplasmic antibodies (ANCA) were compared to normal IgG. Data are
from comparative experiments carried out using four different ANCA
[two myeloperoxidase (MPO)-ANCA and two proteinase 3 (PR3)-
ANCA] and three normal IgG. Data at time zero are from untreated
neutrophils. An average of 90 neutrophils were evaluated to obtain each
data point. Analysis of variance (ANOVA) showed a significant effect
of treatment (P < 0.01, ANCA vs. IgG).
pseudopodia. After treatment with IgG-ANCA, fluores-
cence microscopy showed F-actin formation and gradual
distribution into surface irregularities (Fig. 2A). Scanning
electron microscopy showed corresponding pseudopod
formation and membrane ruffling (Fig. 2B). MPO-
ANCA and PR3-ANCA induced similar morphologic
changes. Normal IgG induced similar changes in shape
which lagged behind those induced by ANCA. The
F-actin intensity was less than that of ANCA-treated neu-
trophils (Fig. 2).
Light-microscopic assessment of the proportion of
neutrophils which were “active” (with distorted shape)
showed similar trends (Fig. 3). The majority of neu-
trophils treated with ANCA were activated by 5 minutes,
with a peak at about 10 minutes. Normal IgG caused a
lesser and slightly delayed morphologic response. Shape
tended to recover partially between 25 and 30 minutes
after treatment.
Resistance to deformation of neutrophils
Treatment of neutrophils with ANCA caused a sig-
nificant increase in the time taken to enter a mi-
cropipette with diameter comparable to a blood capillary.
The increase was maximal about 10 minutes after treat-
ment, and was more rapid and greater than that in-
duced by normal IgG (Fig. 4). By 25 to 30 minutes,
entry time had largely recovered and there was no
significant difference in pipette entry time between
ANCA- and normal IgG-treated neutrophils. When
ANCA and normal IgG were compared at 500 lg/mL
in one experiment, entry time response was similar to
100 lg/mL (not shown). If cells were treated with cy-
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Fig. 4. Changes in resistance to deformation of neutrophils with time
after treatment with human IgG. Antineutrophil cytoplasmic antibod-
ies (ANCA) were compared to normal IgG. Data are from comparative
experiments carried out using four different ANCA [two myeloperox-
idase (MPO)-ANCA and two proteinase 3 (PR3)-ANCA] and three
normal IgG. Data are means ± SEM of entry times into micropipettes
with diameter 5 lm. Data at time zero are from untreated neutrophils.
An average of 60 neutrophils were measured to obtain each data point.
Analysis of variance showed a significant effect of treatment (P = 0.02,
ANCA vs. IgG).
tochalasin before ANCA, the increase in entry time
was abolished (e.g., after 9 minutes entry time was
1.26 ± 0.22 seconds for ANCA-treated cells, but 0.23 ±
0.02 seconds for ANCA + cytochalasin B; means ±
SEM for >20 cells). Preincubation with cytochalasin B
prevented the ANCA-induced neutrophil morphologic
changes.
Within the neutrophil population, a heterogeneous re-
sponse was apparent in micropipette entry times. Micro-
scopic observations showed that wide cell to cell variation
in flow resistance was partly due to variation in cell shape.
Some neutrophils could rapidly enter the pipette if their
bipolar shape was oriented parallel to the pipette axis,
whereas others entered slowly or could block the tip by
bridging it while fluid flowed around them. In this situa-
tion, other cells slowly flowed to the pipette tip and be-
came trapped there or temporarily pushed the trapped
cell to one side while they entered. The rigid cell then
became retrapped, so that activated neutrophils could
become firmly trapped by bridging the entrance. Thus,
pipette analysis revealed that variation in flow resistance
could depend on geometric factors as well as structural
rigidity, with the behavior of apparently rigid neutrophils
being dependent on whether their shape allowed align-
ment and rapid flow into pores. All these factors served
to prolong entry into and flow through micropipettes.
Role of Fcc receptor in ANCA-induced actin
polymerization
As previous studies have suggested a role for Fcc re-
ceptor engagement in the ANCA-induced superoxide
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Fig. 5. Human IgG-induced tyrosine phosphorylation in neutrophils
and the effect of genistein on tyrosine phosphorylation. Neutrophils
(5 × 106/mL) were stimulated at 37◦C with 500 lg/mL normal
IgG, myeloperoxidase (MPO)-ANCA or proteinase 3 (PR3)-ANCA,
blocked at the indicated times, lysed, and subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and im-
munoblotted with anti-phosphotyrosine PY20. In some experiments,
neutrophils were pretreated for 15 minutes with 150 lmol/L genistein
at 37◦C. Genistein used at this dose inhibited IgG-induced (normal IgG,
MPO-ANCA, and PR3-ANCA) tyrosine phosphorylation. Only a rep-
resentative experiment showing the effect of genistein on PR3-ANCA
induced tyrosine phosphorylation is shown. All experiments were re-
peated three times.
response and increased adhesiveness [10, 13], effects
on actin polymerization were tested. The addition of a
saturating concentration of antibody against FccRIIa in-
hibited the ANCA-induced increase in F-actin by 94 ±
7% (P < 0.001). Blocking FccRIIIb receptor with a sat-
urating concentration of anti-FccRIIIb did not have any
inhibitory effects on the ANCA-induced actin polymer-
ization (inhibition 2 ± 20%). Similarly, anti-FccRI did
not inhibit the ANCA-induced actin polymerization (in-
hibition 1 ± 20%).
The importance of Fcc receptor engagement by ANCA
was illustrated by the fact F(ab′)2 fragments of ANCA-
induced little neutrophil F-actin polymerization. F(ab′)2
fragments of ANCA were applied in equal molar con-
centration to the IgG preparation. The mean increase in
F-actin for four different ANCA F(ab′)2 fragments (two
MPO-ANCA and two PR3-ANCA) was 6 ± 3% of the
ANCA response.
Role of tyrosine phosphorylation
Signaling via Fcc receptors recruits src family ki-
nases [24], so evidence for tyrosine phosphorylation was
sought. Treatment of neutrophils with ANCA caused
tyrosine phosphorylation of a number of proteins, par-
ticularly bands with molecular weights between 86 and
28 kD (Fig. 5). Increase in tyrosine phosphorylation in-
duced by ANCA was apparent at 5 minutes, was more
marked at 10 minutes, and still present at 15 minutes. In
contrast, although normal IgG induced a similar profile of
tyrosine phosphorylation, the intensity of bands was low
compared to that induced by ANCA. Pretreatment of the
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Fig. 6. Effects of tyrosine kinase inhibition on antineutrophil cyto-
plasmic antibodies (ANCA)-induced neutrophil F-actin polymeriza-
tion. Effects of genistein (50 lmol/L and 150 lmol/L) preincubation
on 10−8 mol/L formyl-methionylleucylphenylalanine (FMLP), 10−7
mol/L phorbol myristate acetate (PMA), 100 lg/mL proteinase 3 (PR3)-
ANCA or 100 lg/mL myeloperoxidase (MPO)-ANCA-induced F-actin
polymerization in 2.5 × 106 neutrophils. Results are expressed as per-
centage inhibition of the maximal effect seen with each stimulus. Data
are shown as mean ± SEM of at least three individual experiments
performed in duplicate. ∗P < 0.05; ∗∗P < 0.005.
neutrophils with genistein, a tyrosine kinase inhibitor, es-
sentially abolished tyrosine phosphorylation in response
to subsequent challenge with normal IgG or ANCA.
Effects of genistein on actin polymerization were
also tested. Neutrophils were preincubated with 50 and
150 lmol/L genistein for 15 minutes before the addi-
tion of stimulus. Both concentrations significantly and
markedly inhibited the ANCA-induced actin polymer-
ization (Fig. 6). FMLP-induced response was also signif-
icantly reduced at these concentrations, but less so than
the response to ANCA (Fig. 6). No significant inhibition
of the PMA-induced response was seen with genistein.
Role of intracellular calcium transients
Actin polymerization is typically dependent on cal-
cium [25], so we checked whether this was also true
for IgG-ANCA–induced actin polymerization. The ef-
fects of FMLP, normal IgG, and ANCA on neutrophil
intracellular calcium were examined by spectrofluorime-
try. Results of representative experiments are shown in
Figure 7. FMLP caused a rapid increase in intracellular
ionized calcium which peaked in less than 1 minute. Both
MPO- and PR3-ANCA caused increase in intracellular
calcium, which was somewhat slower than the response
to FMLP. The calcium transient in response to normal
IgG was slower again, and peaked only after 3 minutes.
We tested the effects of extracellular and intracellu-
lar calcium chelation on actin polymerization (Fig. 8).
Preincubation of neutrophils with 5 mmol/L EGTA for
30 minutes at 37◦C inhibited the both the MPO-ANCA
and PR3-ANCA responses (to 40 ± 5% and 26 ± 4%, re-
spectively, both P < 0.005), while the same dose of EGTA
did not inhibit the FMLP-induced response (94 ± 5%).
Pretreatment with 50 lmol/L BAPTA-AM for 30 minutes
at 37◦C also inhibited both ANCA-induced response
(MPO-ANCA 35 ± 11%, PR3-ANCA 26 ± 15%, both
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Fig. 7. Calcium fluxes in response to hu-
man IgG. Changes in 340 and 380 nm exci-
tation signals from Fura-2/AM loaded neu-
trophils in response to 10−7 mol/L formyl-
methionylleucylphenylalanine (FMLP), 500
lg/mL normal IgG, proteinase 3 (PR3)-
ANCA, or myeloperoxidase (MPO)-ANCA.
Results shown are representative of at least
two other experiments.
P < 0.005), and the FMLP response (to 63 ± 12%, P <
0.005). Pretreatment with both 5 mmol/L EGTA and with
50 lmol/L BAPTA-AM for 30 minutes at 37◦C did not
result in greater inhibition of ANCA-induced or FMLP-
induced F-actin polymerization. These data suggest that
while elevation of intracellular calcium is required for the
full actin response, uptake of extracellular calcium is nec-
essary for the ANCA-induced actin polymerization, but
not for the FMLP-induced response. The latter finding
agrees with previous reports [26].
DISCUSSION
Actin is a key component of the neutrophil cytoskele-
ton, and its reversible polymerization from its globular
monomeric form, G-actin to its filamentous form, F-actin
is central to many of the processes involved in inflamma-
tion [5, 27, 28]. The stiffness of the neutrophil, both in
its quiescent [9] or stimulated state [7], is dependent on
the assembly of F-actin. Although much less deformable
than red cells, neutrophils successfully circulate through
microvessels with diameters less than their cellular di-
mensions [29]. Activation of neutrophils by chemotactic
agents leads to a reduction in their deformability, accom-
panied by an increase in structural rigidity that is related
to F-actin polymerization [22, 30]. Studies in which acti-
vated neutrophils have been perfused through the lungs
of animals or in which activating stimuli have been in-
fused into the animals show lung sequestration is asso-
ciated with a reduction in cellular deformability [30, 31].
Microvascular sequestration of neutrophils has also been
implicated in impaired microcirculatory perfusion of an-
imal models of shock and acute ischemia [32, 33]. These
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Fig. 8. Effects of calcium chelation on antineutrophil cytoplasmic
antibodies (ANCA)-induced neutrophil F-actin polymerisation. Ef-
fects of calcium chelation with ethyleneglycol-bis(b-aminothylether)-
N,N′tetraacetic acid (EGTA) (5 mmol/L), BAPTA (50 lmol/L),
or EGTA (5 mmol/L) and BAPTA (50 lmol/L) on 10−8 mol/L
formyl-methionylleucylphenylalanine (FMLP), 100 lg/mL proteinase 3
(PR3)-ANCA, or 100 lg/mL myeloperoxidase (MPO)-ANCA-induced
F-actin polymerization in 2 × 105 neutrophils. Results are expressed as
percentage inhibition of the maximal effect seen with each stimulus.
Data are shown as mean ± SEM of at least three individual experi-
ments performed in duplicate. ∗∗P < 0.005.
changes in deformability have been generally attributed
to in vivo activation of the neutrophils and may promote
further microvascular obstruction.
In this study we show for the first time that IgG-ANCA
can induce a concentration-dependent increase in F-actin
assembly and reorganization in neutrophils. This was as-
sociated with a reduction in neutrophil deformability as
measured by the micropipette entry times. Entry times
of neutrophils into pipettes observed in the current study
were similar to those observed for neutrophils flowing
through human capillaries [32]. The resultant change in
cell stiffness may hinder the ability of the neutrophil to
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traverse the capillary network. IgG-ANCA compared to
normal IgG significantly prolonged micropipette entry
times at 10 minutes, the time of peak F-actin increase. Our
findings on micropipette entry times agree with the only
other study which has examined the effects of ANCA on
neutrophil deformability [8]. In the current study, pre-
treatment with cytochalasin B prevented ANCA-induced
morphologic changes and normalized the entry times,
confirming that IgG-ANCA–induced neutrophil rigidity
was dependent on the assembly of the actin cytoskele-
ton. Within the neutrophil population, a heterogeneous
response was apparent in micropipette entry times, in part
at least depending on whether distorted, activated cells
could align with the pipette axis. Thus, the circulatory ef-
fects of neutrophil activation can be predicted to depend
on the stimulus, and on the local vascular architecture.
ANCA, by inducing a nonorganized and dysegulated F-
actin assembly, may increase neutrophil rigidity, which
then promotes neutrophil sequestration in the microvas-
culature. Delay in passage through microvessels might
also allow binding through integrins activated by ANCA
[10]. These entrapped neutrophils may induce deleterious
effects in the lungs and other major organs both by impair-
ing microvascular perfusion and by releasing toxic factors
after becoming trapped. This paradigm may explain the
focal nature of injury seen in the ANCA-associated sys-
temic vasculitides.
We found that whole IgG-ANCA induced neutrophil
F-actin polymerization, whereas F(ab′)2 fragments of
ANCA resulted in little F-actin polymerization. These
observations suggest that Fcc receptor engagement by
the Fc portion of ANCA is instrumental in mediating
the F-actin increase. To elucidate further the role of Fcc
receptors, blocking studies were performed using mono-
clonal antibodies to Fcc receptors. First, an anti-FccRI
receptor blocking antibody had little effect on the
ANCA-induced neutrophil F-actin polymerization. Since
neutrophils only express FccRI on induction by cytokines
[34], the lack of impact of FccRI receptor blockade was
not surprising. In contrast, blockade of the FccRIIa re-
ceptors almost completely abrogated the ANCA-induced
neutrophil F-actin polymerization. Blocking FccRIIIb
had little inhibitory effect on the ANCA-induced neu-
trophil F-actin polymerization. However, activation of
neutrophils leads to shedding of this receptor and con-
tinual mobilization of intracellular FccRIIIb receptors to
the cell surface may have offset the degree of receptor
occupancy [35]. Thus, a contributory role for FccRIIIb
receptor in ANCA-neutrophil F-actin polymerization
cannot be excluded altogether. Indeed, we have shown
in tumor necrosis factor-a (TNF-a)-primed neutrophils
that blockade with FccRIIa or FccRIIIb antibodies in-
hibited ANCA-induced superoxide production [15].
The magnitude of the ANCA-induced neutrophil F-
actin responses may be influenced by the amount of
ANCA antigens (PR3 and MPO) present on neutrophils’
surface accessable for cross-linking by Fcc receptors.
Membrane PR3 expression on human neutrophils is ge-
netically determined and expresses a polymorphism [36].
The high PR3-espressing phenotype was significantly in-
creased in patients with ANCA-associated vasculitis [37],
and higher amounts of membrane PR3 expression corre-
lates with disease activity [38, 39]. In contrast, no skew-
ing of the G-463A MPO gene polymorphism was found
in patients with MPO-ANCA associated vasculitis [40].
The in vivo relevance of ANCA antigen expression on
neutrophil F-actin polymerization and deformability is
not known and could be the focus of future studies.
FccRIIa is a transmembrane receptor containing an
immune receptor tyrosine-based activation motif (known
as the ITAM or Reth motif) [41] in the cytoplasmic tail,
which has been shown to be involved in the signaling
of FccRIIa [42, 43]. Tyrosine kinases are involved in
the FccR-mediated signal transduction pathways through
phosphorylation of tyrosine residues within the ITAM
of FccRs by src family protein tyrosine kinases [24]. We
confirmed that, both ANCA and normal IgG induced
an increase in tyrosine phosphorylation of a number of
proteins. Further, genistein, a tyrosine kinase inhibitor,
inhibited F-actin polymerization by ANCA. It is pos-
sible that the 40 kD phosphoprotein is FccRIIa, which
is known to undergo tyrosine phosphorylation [34]. An
earlier study from our group also showed tyrosine phos-
phorylation of proteins in response to ANCA [16]. The
present study differs since neutrophils were not delib-
erately primed and a different profile of proteins was
phosphorylated. There is a clear requirement for calcium
during actin polymerization. Indeed, ANCA-induced cal-
cium fluxes were demonstrated using spectrofluorimetry
in this study. Inhibition of the ANCA-induced F-actin
polymerization by EGTA and BAPTA AM support the
need for both extracellular and intracellular calcium. It is
recognized that triggering of either FccRIIa or FccRIIIb
results in a rise in intracellular calcium [42, 45–47]. The in-
teraction between calcium and the actin-based cytoskele-
tal network are likely to underlie the mechanochemical
transduction that is basic to the movement of neutrophils
toward inflammatory sites as well as to the engulfment of
pathogenic organisms and cellular debris.
CONCLUSION
Our finding that ANCA induce neutrophil F-actin
polymerization is intriguing, since the resultant change
in cell stiffness may hinder the ability of the neutrophil to
traverse the capillary network. Our observations suggest
that for vessels as wide as 5.3 lm, some distorted and rigid
neutrophils could become firmly trapped by bridging the
entrance of the micropipette after stimulation by ANCA.
We infer that activation of neutrophils by ANCA is
138 Tse et al: ANCA-induced neutrophil F-actin polymerization
capable of causing capillary blockage. The exact sig-
nalling sequence triggered by ANCA after binding of
ANCA antigens and Fcc receptor remains to be delin-
eated, but findings from the present study support a role
for FccRII receptors, tyrosine phosphorylation, and cal-
cium fluxes. An understanding of the signaling mecha-
nisms behind ANCA-induced actin polymerization may
lead to the development of newer and specific therapy.
The geometric constraints imposed by the microvascula-
ture coupled with neutrophil activation by ANCA may
underlie the predilection of for small vessels, recogniz-
ing that other factors may promote small vessel injury in
diseases such as systemic lupus erythematosus and cryo-
globulinemia.
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